Aims-The aim of this study was to assess the effect of select cannabinoids on human immunodeficiency virus type 1 (HIV-1) transactivating (Tat) protein-enhanced monocyte-like cell adhesion to proteins of the extracellular matrix (ECM).
Introduction
The blood-brain barrier (BBB) separates circulating blood from the central nervous system (CNS) extracellular fluid that occurs along capillaries reviewed in (Rubin and Staddon 1999) . It is comprised of an endothelial cell layer that restricts the diffusion of molecules and plays an active role in the transport of metabolic products, astrocytic endfeet, and a thick basement membrane that harbors several large glycoproteins that form an organized matrix. This extracellular matrix (ECM) provides structural support to tissue and serves as a cue for activation of cell proliferation, differentiation, and migration (Lukashev and Werb 1998; Mareel and Leroy 2003; Larsen et al. 2006; Berrier and Yamada 2007) .
The Human Immunodeficiency Virus-1 (HIV-1) invades the CNS, presumably through the migration of virally-infected leukocytes across the BBB (Buckner et al. 2006 ). Infected leukocytes are carriers of virus and secrete chemokines, cytokines, and viral-specified gene products such as the regulatory trans-activating protein (Tat) and the envelope glycoprotein 120 (gp120) (Schneider et al. 1986; Ensoli et al. 1993; Zink et al. 1999 ). The combined action of these extracellular factors engenders an inflammatory cascade from bystander immunocytes that compromises the integrity of the BBB. This inflammatory response, characterized by cell infiltration and microglial cell activation, may correlate more strongly with the degree of neurological impairment than does HIV-1 load in the CNS (Glass et al. 1993 ).
The Tat protein is essential for efficient replication of the HIV (Laspia et al. 1989 ; Ensoli et al. 1993) . It interacts with cell surface receptors related to cell adhesion and motility, including chemokine receptors and cell adhesion molecules (Lafrenie et al. 1996) . It also can modulate the expression of cellular genes related to survival, growth, inflammation, and angiogenesis (Chang et al. 1995) , induce the production of cytokines (Pu et al. 2003 Cannabinoids have been reported to alter the functional activities of a variety of immune cells, including their ability to migrate in response to inflammatory stimuli and virusspecified gene products (reviewed in Cabral and Staab 2005; Raborn and Cabral 2010; Kong et al. 2014) . A select number of these affected activities has been reported to be consequent of activation of G inhibitory (G i ) protein-coupled seven-transmembranal cannabinoid receptors (reviewed in Cabral and Staab 2005) . To date, two receptors that meet stringent pharmacological and molecular criteria for designation as cannabinoid receptors have been identified. The cannabinoid receptor type 1 (CB1R) has been localized primarily to the CNS and testis while the cannabinoid receptor type 2 (CB2R) has been localized primarily to cells of the immune system. In the present study, we demonstrate that the cannabinoids Δ 9tetrahydrocannabinol (THC) and CP55,940 inhibit Tat-promoted adhesion of human U937 monocyte-like cells to proteins that are found in the ECM. Furthermore, this inhibition was found to be linked to the CB2R. In addition, we observed altered expression of β 1 -integrin and redistribution of polymerized actin, suggesting a mode by which these cannabinoids inhibited adhesion of macrophage-like cells to the ECM. Since the ECM is a critical component of the BBB, the results suggest that the CB2R has potential to serve as a molecular target for therapeutic ablation of Tat-stimulated transmigration of monocytes into the CNS.
Materials and methods

Cell culture
The human leukemic monocyte lymphoma cell line U937 was obtained from the American Type Culture Collection (ATCC CRL-1593.2). Cells were cultured in RPMI 1640 medium (Cellgro, Herndon, VA) containing 10% fetal bovine serum supplemented with 1% Lglutamine, 1% nonessential amino acids, 1% MEM vitamins, 0.01M HEPES and penicillin [100 U/ml]/streptomycin [100 μg/ml]/fungizone [0.25 μg/ml](Cellgro).
Cannabinoids
The partial agonist at the cannabinoid receptor types 1 and 2 (i.e., CB1R/CB2R) THC (Δ 9tetrahydrocannabinol, (6aR,10aR)- 6,6,9- 
]heptanyl]pyrazole-3-carboxamide) were obtained from the Department of Pharmacology and Toxicology (Virginia Commonwealth University, Richmond, VA). 2-AG (2-Arachidonoylglycerol, 1,3-dihydroxypropan-2-yl (5Z,8Z,11Z,14Z)-icosa-5,8,11,14tetraenoate), the CB1R-selective agonist ACEA (Arachidonyl-2-chloroethylamide, N-(2-Chloroethyl)-5Z,8Z,11Z,14Z-eicosatetraenamide), the full CB1R/CB2R agonist CP55,940 (2-[(1R,2R,5R)-5-hydroxy-2-(3-hydroxypropyl) cyclohexyl]-5-(2-methyloctan-2-yl)phenol), and abnormal cannabidiol (abn-cbd, 4-[(1S,6R)-3-methyl-6-prop-1-en-2-ylcyclohex-2-en-1yl]-5-pentylbenzene-1,3-diol) were purchased from Tocris Bioscience, R&D Systems (Minneapolis, MN). Stock solutions of cannabinoids (10 −2 M) were prepared in 100% ethanol and stored at −20°C. Ethanol (0.01%) in medium was used as the cannabinoid vehicle control.
Tat
Recombinant human HIV-1 Tat 1-86 protein was obtained from Immunodiagnostics, Inc. (Woburn, MA), dissolved in sterile Phosphate-buffered Saline (PBS) to obtain a stock solution (10 μM) and frozen in aliquots at −80°C until converted to a working solution according to the manufacturer's recommendation. For in vitro administration, low-retention microfuge tubes (Fisher, Pittsburgh, PA) and low-binding pipette tips (VWR, Suwanee, GA) were used to minimize Tat loss due to tube or pipette surface adsorption.
Extracellular matrix coating
Ninety-six well plates were incubated (10 μg/ml) overnight at 4°C with collagen IV (Coll IV) or laminin (LM) derived from Engelbreth-Holm-Swarm murine sarcoma basement membrane (Sigma-Aldrich, St. Louis, MO; Invitrogen, Grand Island, NY). Prior to use, unpolymerized Coll IV or LM was removed and the wells were washed once with PBS. Alternately, wells were coated with ECM gel (Sigma-Aldrich, St. Louis, MO) that forms a reconstituted basement membrane consisting of laminin, type IV collagen, heparan sulfate proteoglycan, entactin, and other minor components. ECM gel (stock solution 8 mg/ml) was diluted 1:3 in RPMI 1640 medium without serum and added to wells for 10 min at room temperature. Following removal of excess unpolymerized ECM gel, the plates were incubated (2h, 37°C) for drying prior to use.
Adhesion assay
Cells were treated (2h, 37°C) in RPMI 1640 medium without serum containing PBS or Tat (10-50nM) in the presence of vehicle (0.01% ethanol) or cannabinoid (1 μM). Following treatment, cells (4×10 4 ) were added to Coll IV, LM, or ECM gel-coated wells for 30 min at 37°C. Wells then were washed 3 times with PBS to remove unbound cells and bound cells were fixed with 2% glutaraldehyde in 0.1M cacodylate buffer, pH 7.2. Three random video still images/well of triplicate wells were captured using an Olympus CK2 inverted microscope (Opelco, Washington, DC) equipped with an attached XV-GP230 digital video camera (Panasonic, Yokohama, Japan) interfaced to a Dell Dimension XPS1450 computer using Videum 100 hardware and Window NT software (Winnov, Sunnyvale, CA). Each experiment was performed three times in triplicate. The average of the sum of 3 image fields from 3 wells of a given experimental group was represented graphically on the ordinate-axis as "cells".
Invasion assay
Transwell tissue culture inserts (8 μm pore size, Corning Costar) pre-loaded into 24-well tissue culture plates were coated (100 μl, 10 min) with ECM gel (2.7 mg/ml; Sigma-Aldrich). Unpolymerized solution was removed following the coating period (10 min), and the inserts were allowed to dry (2h, 37°C). Serum-free RPMI 1640 medium was added to the bottom well of the transwell apparatus. Cells (10 6 /100 μl) were treated (24h, 37°C) in RPMI 1640 medium without serum containing PBS or Tat (50nM) in the presence of vehicle (0.01% ethanol) or cannabinoid (1 μM) and added to the insert and the transwell apparatus was incubated for 24h (at 37°C). Cells that passed through the ECM-coated inserts and into the bottom well were counted by capturing five random video still images/well as described above. Experiments were performed twice in quadruplicate. The average of the sum of 5 image fields from 4 wells of a given experimental group was represented graphically on the ordinate-axis as "cells".
Real-time reverse transcriptase polymerase chain reaction
Total RNA from U937 cells was prepared using TRIzol reagent (Invitrogen) according to the manufacturer's instructions. RNA was isolated using phenol/chloroform extraction and was resuspended in PCR-grade water. The isolated RNA was purified for removal of residual genomic DNA using an RNeasy Mini Kit (Qiagen, Valencia, CA). Reverse transcription to generate complementary DNA (cDNA) was performed using the SuperScript III First Strand Synthesis System (Invitrogen) with random hexamer primers. SYBR green real-time PCR was performed using the RT 2 PCR primer sets for the human CB1R (NCBI accession NM_016083.3), human CB2R (NCBI accession NM_001841.1), GPR55 (NCBI accession NM_005683.3) and glyceraldehyde 3-phosphate dehydrogenase (GAPDH; NCBI accession NM_002046.3)(Qiagen). Each 25 μl PCR reaction contained 12.5 μl 2× RT 2 Real-time SYBR Green PCR Master Mix (Qiagen), 2 μl sample cDNA, 1 μl RT 2 PCR Primer set, and PCR grade water. Amplification was performed using the following program: 95°C, 15 min and 40 cycles of 95°C, 30 sec; 55°C, 30s; and 72°C, 30s. PCR amplicons (CB2R: 185 bp, GPR55: 137 bp, GAPDH: 175 bp) were visualized by agarose gel electrophoresis (100V) using OmniPure Agarose PCR plus gel (4%)(VWR) in 1× Tris/borate/EDTA buffer.
SDS-polyacrylamide gel electrophoresis and western immunoblotting
U937 cells were treated with Tat in the presence or absence of cannabinoid (1 μM: THC, CP55,940; 2h at 37°C), then collected and centrifuged (3000 × g, 10 min, 4°C). Cell pellets were resuspended in cell lysis buffer containing deionized water and protease inhibitor cocktail (100:1; 4-(2-aminoethyl) benzenesulfonyl fluoride, pepstatin A, E-64, bestatin, leupeptin, and aprotinin; Sigma-Aldrich). The whole cell lysates were subjected to three freeze-thaw cycles of liquid nitrogen for 1 min, followed by insertion into a 37°C water bath for 2 min and thorough mixing. Protein concentration was determined using the Bradford assay (Bradford 1976 ). Whole cell lysates (30 μg) were prepared in reducing sample buffer containing SDS and β-mercaptoethanol, heated at 95°C (10 min), and separated by 10% SDS-PAGE. Proteins were transferred to a Transblot nitrocellulose membrane (BioRad Laboratories, Hercules, CA), which was probed with anti-human CB2R primary antibody (1:100) (Nowell et al. 1998 ) or anti-human GPR55 primary antibody (5 μg/ml) (Cayman Chemical) overnight at 4°C followed by goat anti-rabbit IgG-HRP conjugated secondary antibody (1:2000, CB2R; 1:5000, GPR55) at room temperature for 2h. Proteins were detected using enhanced chemiluminescence (ECL Prime Western Blotting Reagents, GE Healthcare, Little Chalfont, Buckinghamshire, UK) with exposure on Kodak BioMax XAR film (Eastman Kodak, Rochester, NY). The nitrocellulose membranes were stripped and reprobed with an anti-actin antibody (1:1000, MP Biomedicals, Solon, OH) to verify equivalent loading of samples. Densitometric analysis was accomplished using a ScanMaker 9800XL scanner (Microtek Lab Inc., Santa Fe Springs, CA) in concert with Quantity One 1-D Analysis software (Bio-Rad Laboratories, Inc., Hercules, CA).
Scanning electron microscopy
Cells adhered to ECM substrates layered on glass coverslips were subjected to fixation by immersion in 2% glutaraldehyde in 0.1M cacodylate buffer, pH 7.2. Coverslips then were washed four times with PBS, and treated (40 min in the dark) with 2% (w/v) osmium tetroxide buffered in 0.1 M cacodylate buffer, pH 7.2. Following a wash with PBS, coverslips were subjected to dehydration in a graded series of ethanol solutions, subjected to critical-point drying with CO 2 as the transitional fluid, mounted on stubs and coated with gold (30 nm). Samples were examined in a Zeiss EVO 50XVP scanning electron microscope operating at an accelerating voltage of 15 kV.
Confocal Microscopy
U937 cells (6×10 4 ) were pretreated with Tat in the presence or absence of cannabinoid (1 μM; THC, CP55940; 2h at 37°C), then seeded in Lab-Tek Chamber Slides (Nunc, ThermoFisher Scientific, Waltham, MA) precoated with Coll IV (20 μg/ml) and incubated at 37°C (1h) to allow for cellular adhesion. The cells were fixed in 4% paraformaldehyde (1h) and rinsed in PBS. Cells were permeabilized with 0.1% Triton X-100 in PBS (20 min) then blocked with 5% BSA in PBS (1h). Immunofluorescent staining was performed using a FITC-conjugated anti-human β 1 -integrin antibody (1:250, 2h)(Millipore, Billerica, MA), followed by AlexaFluor594-conjugated Phalloidin to visualize F-actin (1:500, 2h) (Invitrogen). Cells were counterstained with DAPI (1:20,000, 5 min)(Invitrogen) for nuclear identification. ProLong Gold Antifade Reagent (Invitrogen) was used for mounting of the coverslips in addition to stabilization of the immunofluorescent signal. Image acquisition was performed using a BX51 microscope with a spinning disk unit (Olympus, Center Valley, PA) and an Orca-R2 CCD camera (Hamamatsu, Japan). Images then were processed using the Slidebook software package (Intelligent Imaging Innovations, Denver, CO, USA).
Statistics
One Way Analysis of Variance (ANOVA) was performed to assess for differences between treatment groups. Control groups and cannabinoid treatment groups were compared with the maximal response elicited by the group treated with Tat +0.01% ethanol. Bonferroni's t-test was used to compare differences in Tat-treated cells versus cells treated with cannabinoid in the presence of Tat, in addition to differences between treatment groups.
Results
Cannabinoid receptor profile of U937 human monocyte-like cells
SYBR green RT-PCR was used to assess the cannabinoid receptor mRNA profile of U937 cells. Messenger RNA for the CB1R was not detected. However, mRNA for the CB2R and GPR55 was present, as demonstrated by the 185 and 137 bp amplification products obtained from untreated U937 total whole cell RNA (Fig. 1A) . Western immunoblot analysis confirmed the expression of the CB2R and GPR55 (Fig. 1B) at the protein level. Additionally, U937 cells were exposed in vitro to Tat (50 nM) or to Tat in the presence of 1μM THC or CP55,940 and the relative levels of CB2R and GPR55 protein were determined. Drug vehicle (0.01% ethanol) or Tat ± cannabinoid had no major observable effect on protein levels of the CB2R or GPR55 (Fig. 1B) .
Tat increases adhesion of human U937 monocyte-like cells to proteins of the ECM
Initial experiments were performed to confirm that U937 cells adhered to proteins of the ECM and to determine whether this adhesion was differential in relation to Coll IV, LM, or ECM gel. Cells exhibited minimal adhesion to uncoated wells in the presence or absence of Tat and minimal adhesion to the three ECM substrates in the absence of Tat (Fig. 2) . Treatment of cells with Tat resulted in a concentration-related increase in adhesion to Coll IV, LM, and ECM gel. Optimal adhesion to Coll IV, LM, and ECM gel was obtained when cells were treated with 50 nM Tat. At this concentration of Tat, adhesion of cells to Coll IV or LM superseded that obtained for ECM gel. Ethanol at 0.01% concentration in medium had no observable effect on adhesion of U937 cells to Coll IV, LM, or ECM gel (Data not shown).
The cannabinoid CP55,940 inhibits adhesion of U937 cells to proteins of the ECM
Cells were maintained in medium containing vehicle, CP55,940 (1 μM), Tat, or Tat in the presence of CP55,940 (1 nM-1μM). Minimal levels of adhesion to any of the ECM substrates were observed when cells were treated with vehicle or CP55,940 alone. Cells treated with Tat exhibited a relatively high level of adhesion to Coll IV (Fig. 3A) , LM (Fig.  3B ), or ECM gel (Fig. 3C ). CP55,940 treatment significantly inhibited in a dose-related fashion Tat-enhanced adhesion to Coll IV. A similar, but less robust, outcome was obtained when LM and ECM were used as substrates. Scanning electron microscopy was performed in tandem with these adhesion assessments in order to gain insight regarding U937 cell conformational interaction with Coll IV. Figures 3D-G are illustrative of this interaction. Vehicle-treated cells exhibited a rounded morphology (Fig. 3D ), but consistent with the adhesion experiments, a low number of adherent cells was observed (Data not shown). Cells treated with Tat plus vehicle exhibited a flattened appearance and displayed numerous cellular projections (Fig. 3E) . In contrast, cells treated with THC plus Tat (Fig. 3F) or CP55,940 plus Tat (Fig. 3G) were rounded in appearance and exhibited a reduced number of cellular projections. Cells treated only with CP55,940 appeared morphologically similar to those treated with vehicle in the absence of Tat (Data not shown).
The experiments indicative of a CP55,940-mediated inhibition of Tat-promoted adhesion to ECM proteins were performed on a two-dimensional substratum matrix. Thus, in order to confirm that such a substratum did not serve as a physical barrier to passage of U937 cells, invasion experiments were performed. ECM gel was used in the three-dimensional matrix construct since it included Coll IV and LM and represented the most complex substratum composite used in this study (Fig. 4) . U937 cells treated with vehicle exhibited a minimal level of passage through the matrix into the bottom well while U937 cells treated with Tat exhibited a three-fold increase in the level of migration into the bottom well.
Exposure of cells to Tat in concert with THC or CP55,940 (1 μM) resulted in the inhibition of their migration into the bottom well. The level of THC or CP55,940-mediated inhibition of "invasion" approximated that which was recorded for vehicle-treated cells.
Pharmacological linkage of cannabinoid-mediated inhibition of cell adhesion to the CB2R
To garner insight as to the range of cannabinoids that inhibited Tat-enhanced adhesion to ECM proteins, U937 cells were treated with THC, CP55,940, ACEA, O-2137, 2-AG, or Abn-CBD in the presence or absence of Tat (50 nM) ( Fig. 5 ). Minimal levels of adhesion were observed when cells were treated with medium containing vehicle or cannabinoid alone. Cells treated with Tat exhibited a maximal level of adhesion to Coll IV (Fig. 5A) , LM (Fig. 5B ), or ECM gel (Fig. 5C ). In contrast, U937 Tat-enhanced cell adhesion to each substrate was inhibited (30-50%) by THC (a partial CB1R/CB2R agonist), CP55,940 (a full agonist at the CB1R and CB2R), O-2137 (a CB2R-selective ligand), 2-AG (a CB1R/CB2R endocannabinoid agonist), or Abn-CBD (a candidate GPR55 agonist). Tat-enhanced adhesion to Coll IV, LM, or ECM gel was not affected when cells were treated with the CB1R-selective agonist ACEA.
In order to extend these pharmacological results, the CB1R-selective antagonist SR141716A (SR1) and the CB2R-selective antagonist SR144528 (SR2) were used in experiments. Cells were pre-treated (1 μM, 30 min) with either antagonist prior to exposure to medium containing Tat and CP55,940 (1 μM, 2h). Neither antagonist in itself affected adhesion of U937 cells to any of the matrix substrates ( Fig. 6 ). As expected, CP55,940 inhibited Tatenhanced adhesion of U937 cells. In contrast, while SR1 had no effect on the CP55,940mediated reduction of Tat-enhanced adhesion to ECM proteins, treatment with SR2 resulted in reversal of CP55,940-mediated inhibition of adhesion, consistent with a pharmacological linkage to the CB2R (Figs. 6A-C).
Cannabinoid Treatment Alters Pattern of β 1 -integrin and Actin Distribution
Since β 1 -integrin and F-actin are critical proteins involved in cell adhesion and motility, confocal microscopy was performed to assess the effects of THC or CP55,940 on their distribution in U937 cells in the context of Tat exposure (Fig. 7) . Cells treated with Tat (2h) and cultured on a Coll IV substratum (1h) exhibited an apparent increased level of expression of β 1 -integrin relative to vehicle-treated cells. Staining for F-actin was prominent at cytoplasmic projections from U937 cells. In addition, immunostaining for β 1 integrin appeared to be co-localized with F-actin and at the outer edges of the cell membrane ( Fig. 7 , first column, row four). In contrast, U937 cells treated (1 μM, 2h) with THC or CP55,940 in the presence of Tat (50 nM) exhibited a rounded appearance, an uniform cytoplasmic distribution of staining for F-actin, and an altered distribution as well as an apparent reduction in the overall level of β 1 -integrin( Fig. 7 , first column, row five and six, respectively). Furthermore, these cells exhibited a small punctate pattern of β 1 integrin distribution (Fig. 7 , second column, row five and six, respectively).
Discussion
The Tat protein is an early HIV-specified RNA-binding protein that plays a crucial role in HIV replication (Arya et al. 1985; Dayton et al. 1986 ). At initiation of infection, large amounts of Tat are synthesized and released that then can translocate across cell membranes, localize in the nucleus of other infected cells, and drive virus replication (Ensoli et al. 1993; Watson and Edwards 1999) The BBB is a highly dynamic structure, regulated by the interaction of cellular and ECM components that mediate the transport of cells and molecules into the CNS. Cellular components include endothelial cells that line cerebral blood vessels, astrocytes, pericytes, and microglia. ECM proteins include collagen IV and laminin, components that are critical in basement membrane assembly and that have direct effects on the physiological properties of the BBB (reviewed in Baeten and Akassoglou 2011). During the invasion of the CNS, activated monocytes interact with proteins of the ECM, an interaction that is integral to the process of leukocyte migration across endothelium (Muller and Randolph 1999) . This observation, taken in the context that exposure to Tat promotes chemotaxis (Mitola et al. 1997; Albini et al. 1998 ) and enhances cell adhesion, suggests that interaction of monocytes with the ECM plays a critical role in their passage into the CNS. Initial experiments demonstrated that U937 cells adhered in a Tat dose-related fashion to proteins of the ECM. Statistically-significant adhesion to Coll IV, LM and ECM gel was obtained when Tat was employed at a concentration of 10 nM, but maximal adhesion was obtained when this HIV gene product was used at a concentration of 50 nM. While a 50 nM concentration is relatively high, it is not unreasonable in the context of the microenvironment of a Tat-secreting, HIV competently-infected cell. Furthermore, in the present study, Tat was used in a dose-response mode in order to obtain "proof-of-principle" for its specificity of action. In addition, a higher level of adhesion at the 50 nM concentration of Tat was obtained for Coll IV or LM as compared with ECM gel. A possible explanation for this outcome is that ECM gel is a complex mixture that upon polymerization forms a reconstituted basement membrane consisting of Coll IV, LM, heparan sulfate proteoglycan, entactin, and other minor components. Thus, the time kinetics used in the present study may not have been optimal for adhesion when using ECM gel as a matrix substrate. Nevertheless, the results of the present study indicate that U937 cells exhibit Tatenhanced adherence to all three ECM substrates.
Treatment of U937 cells with CP55,940 resulted in inhibition of Tat-enhanced adhesion to all three ECM substrates. Scanning electron microscopy confirmed the pharmacological results and provided insight regarding the interaction of U937 cells with Coll IV. Cells not exposed to Tat exhibited a rounded conformation while those treated with Tat appeared flattened, and spread-out and exhibited numerous thin, finger-like projections that extended to the ECM substrate. In contrast, U937 cells treated with Tat in the presence of CP55,940 were rounded in appearance and displayed fewer finger-like projections. In these experiments, CP55,940 was used at a concentration of 1 μM, a concentration that when used in the absence of Tat exerted no overt morphological changes on U937 cells. Thus, at the morphological level, U937 cells exposed to Tat in the presence of CP55,940 exhibited fewer apparent anchorage points to the ECM substrate. These results suggest that select cannabinoids either affect cytoskeletal rearrangement on U937 cells or inhibit the expression of adhesion molecules by these cells that are critical to the extracellular matrix adherence process. Results obtained using confocal microscopy were consistent with those derived through the use of scanning electron microscopy and, in addition, revealed that the distribution of actin appeared prominent at projections of cells treated with Tat. Furthermore, β 1 integrins appeared to colocalize at these extensions. On the other hand, cells exposed to Tat and treated with THC or CP55,940 exhibited a distributional pattern of actin and β 1 integrins that approximated that of cells not treated with Tat. Consistent with these observations, it has been reported that THC can disrupt microtubules and microfilaments in PC12 cells derived from a pheochromocytoma of the rat adrenal medulla (Tahir et al. 1992) . It also has been reported that, upon stimulation of the CB2R, human neutrophil-like HL60 cells rapidly extend and retract one or more pseudopods containing F-actin in different directions instead of developing front/rear polarity typically exhibited by migrating leukocytes (Kuhihara et al. 2006 ). These reports, taken in context that it has been indicated that cellular adhesion to Coll IV and LM can be mediated through heterodimeric receptors containing β 1 integrins (Rosales and Juliano 1995), suggest that THC and CP55,940 alter cytoskeletal rearrangement that is requisite for adhesion of Tat-stimulated U937 cells to targets on ECM components such as L-Arginyl-Glycyl-L-Aspartic acid (RGD) motifs that serve as interactive points. In this fashion, by inhibiting the interaction of U937 finger-like projections with RGD motifs, THC and CP55,940 could dampen the induction of signal transductional activities that lead to activation of macrophage-like cell pathways that contribute to enhanced cell-endothelium and cell-ECM interactions involved in cellular transmigration of the BBB.
In order to assess for a pharmacological linkage to a cannabinoid receptor in cannabinoidmediated inhibition of Tat-enhanced adhesion of U937 cells to ECM substrates, a select number of cannabinoid agonists and antagonists was used in experiments. Treatment of cells with Tat in concert with the partial agonist THC or with the full agonist CP55,940 resulted in inhibition of Tat-enhanced adhesion to ECM components. Similar inhibitory results were obtained when U937 cells were treated with Tat in the presence of the CB2R-selective ligand O-2137. In contrast, the CB1R-selective ligand ACEA had no effect on Tat-enhanced adhesion to ECM proteins, a result that was consistent with the observation that the CB1R was not detected in these cells by RT-PCR or Western immunoblotting. Additional experiments, performed using cannabinoid receptor-selective antagonists, demonstrated that the CB2R-selective antagonist SR2 reversed inhibition mediated by CP55,940 while the CB1R-selective antagonist SR1 did not. Thus, the collective pharmacological data converged on an outcome indicative of a functional linkage of the CB2R to cannabinoidmediated inhibition of Tat-enhanced adhesion of U937 cells to the ECM.
The present investigation also revealed that U937 cells express GPR55 and that Abn-CBD, a putative agonist of GPR55 (Johns et al. 2007 ), inhibited U937 cell adhesion. This G protein-coupled receptor has been identified in silico as a putative cannabinoid receptor (Baker et al. 2006 ) and it has been suggested that lysophosphatidylinositol and its 2-arachidonoyl derivative are its endogenous ligands (Oka et al. 2007; Oka et al. 2009 ). It has been proposed that GPR55 is functionally relevant in cannabinoid-mediated action due to crosstalk with the CB2R. Thus, the interplay of these receptors could be involved in optimizing select immune responses such as alleviation of excessive tissue injury (Irving 2011) . Balenga et al. (2011) has reported that simultaneous activation of GPR55 and the CB2R enhances signaling pathways involving Rho GTPases, Rho A, and cdc42, in addition to increasing RhoA-mediated neutrophil chemotaxis. Nevertheless, the role of GPR55 in cannabinoid-mediated effects on Tat-enhanced adhesion to ECM proteins remains unresolved and a more extensive analysis is required to delineate its functional relevance in this process.
Finally, the present set of experiments on the effect of cannabinoids on Tat-enhanced adhesion to ECM substrates was performed using a two-dimensional extracellular matrix substrate and the question remains as to whether cannabinoid-mediated effects on such a construct were translatable to a three-dimensional matrix. To address for this potential confound, ECM gel was used as the matrix construct in cell migration chambers. ECM gel was employed since it represented the most complex substratum used and LM and Coll IV were inclusive protein components. Cells treated with vehicle exhibited a minimal level of migration through the ECM gel composite, cells treated with Tat exhibited a three-fold increase in the level of migration through the ECM gel composite, and cells exposed to Tat in the context of exposure to CP55,940 exhibited inhibition of migration through the ECM gel composite. The level of inhibition of migration through the ECM gel composite was comparable to that recorded for vehicle-treated cells. These results are consistent with the conclusion that the matrices used in the present study did not simply serve as physical barriers to the passage of U937 cells.
Conclusions
The Tat protein of the HIV promoted adhesion of human U937 cells to ECM proteins. This enhancement in adhesion was inhibited by cannabinoids that activate the CB2R. The cannabinoid-mediated inhibition in adhesion was associated with U937 cell morphological changes as determined by scanning electron microscopy. Cells exposed to Tat exhibited numerous thin, finger-like projections that extended to the ECM substrate while those exposed to Tat in the presence of cannabinoid displayed a minimal number of finger-like projections extending to the matrix substrate. Since the attachment process serves as an environmental cue that sets into motion a cascade of intracellular events that result in cytoskeletal reorientation, differential gene expression, and promotion of cell transmigration (Berrier and Yamada 2007) , these results suggest that the CB2R has potential to serve as a molecular target for ablating monocyte transmigration of the BBB in response to HIV infection. Tat stimulates adhesion of U937 monocyte-like cells to ECM proteins. Adhesion of U937 cells to uncoated tissue culture wells or to wells coated with Coll IV, LM, and ECM gel was assessed following treatment (2h) with Tat (10, 25, or 50 nM). Results are presented as the mean ± SD of a representative experiment. ***p<0.001, Cells treated with Tat compared with cells not treated with Tat. Treatment of U937 cells with the CB2R-selective antagonist SR144528 (SR2) reverses CP55,940-mediated inhibition of Tat-enhanced cellular adhesion to ECM proteins. U937 cells were treated with antagonist (1μM, 30 min) before being treated (2h) with CP55,940 (1 μM)+Tat (50 nM) and adhesion to ECM components was assessed: Coll IV (A); LM (B), ECM gel (C). Results are presented as mean ± SD of one representative experiment. *** p<0.001. CP=CP55,940. Treatment with THC or CP55,940 alters distribution of β 1 -integrin and polymerized actin. U937 cells were treated (2h) with cannabinoid (THC or CP55,940)(1μM) plus Tat (50 nM), then seeded on Coll IV-coated chamber slides and allowed to adhere (1h). Fixed cells were stained with anti-human-β 1 -integrin-FITC antibody followed by Phalloidin-AlexaFluor594 to visualize F-actin. Cell nuclei were counterstained with DAPI. The left column depicts the merged images for actin and β 1 -integrin while the right column depicts images for β 1integrin. Insets depict magnified (200x) singular cells. Images-100x.
